Background
==========

The vertical transmission of human immunodeficiency virus type 1 (HIV-1) accounts for more than 90% of all HIV-1 infections in children. HIV-1 infected pregnant women can transmit the virus to their infants during all stages of their pregnancy, including prepartum (trans-placental passage), intrapartum (exposure of infants\' skin and mucous membranes to contaminated maternal blood and vaginal secretions) and post-partum (via breast milk) at an estimated rate of 30% \[[@B1]-[@B4]\]. However, the rate of vertical transmission can be reduced by antiretroviral therapy during pregnancy. The risk of vertical transmission increases with several parameters, including advanced maternal disease status, low maternal CD4 cell count, high maternal viral load, recent infection of the mother, prolonged exposure of infant to ruptured membranes during parturition, and higher viral heterogeneity in the mother \[[@B5]-[@B8]\].

Viral heterogeneity is one of the classical means by which HIV-1 evades the host immune system. The heterogeneity of HIV-1 is attributed to the error-prone reverse transcriptase (RT) enzyme, which is responsible for converting the single stranded viral genomic RNA to double-stranded DNA that integrates into the host chromosome. As reverse transcription is the first step of the viral replication cycle \[[@B9]\], errors made at this stage ensures propagation of the erroneously copied genome to form the quasi-species of HIV-1 found in the infected individuals. These quasi-species infect other uninfected target cells and the cycle of error-prone reverse transcription continues. We have previously demonstrated that HIV-1 sequences from transmitting mothers (mothers who transmitted HIV-1 to their infants) were more heterogeneous compared with HIV-1 sequences from non-transmitting mothers (mothers who failed to transmit HIV-1 to their infants) \[[@B10]\]. This finding further suggests that the reverse transcription step that is responsible for generation of viral heterogeneity, may also play an important role in vertical transmission. The RT gene is unique in that it is also exposed to the same mutating effects of the RT enzyme as other part of the HIV-1 genome. Therefore, we sought to examine HIV-1 RT sequences from five infected mother-infant pairs following perinatal transmission.

The HIV-1 RT shows significant sequence and structural similarity to other viral reverse transcriptases as well as viral and bacterial RNA polymerases \[[@B11]-[@B13]\]. HIV-1 RT is a heterodimeric protein comprising of two subunits, 66 kDa and 51 kDa. It is encoded as a Gag-Pol precursor, Pr160^gag-pol^, which is cleaved by viral protease to yield the Gag protein and the viral polymerase which codes for RT \[[@B9],[@B14]\]. The larger subunit (p66) of the heterodimer acts as an RNA-dependant DNA polymerase, a DNA-dependant DNA polymerase and has RNase H activity associated with the C-terminus \[[@B15],[@B16]\], whereas the p51 subunit lacks the C-terminus RNase H activity, is folded differently from the p66 subunit and is thus inactive \[[@B17]-[@B20]\]. The p66 is folded to form a structure similar to a right hand with palm, finger and thumb subdomains \[[@B21]-[@B23]\] that are connected to the RNase H by the \"connexion\" subdomain \[[@B22],[@B24],[@B25]\]. Each domain has several secondary structural elements which are critical for primer binding, template binding \[[@B14],[@B22],[@B23],[@B26],[@B27]\] and nucleotide recruitment \[[@B28]\]. More specifically, the aspartate residues at position 110, 185 and 186 are believed to be the active sites of the polymerase and are located in the palm subdomain at the bottom of the DNA binding cleft \[[@B14],[@B16],[@B20],[@B28],[@B29]\]. Mutations in this subdomain and the active site abolish the enzymatic activity of HIV-1 RT \[[@B2],[@B19],[@B22],[@B30]-[@B32]\] and alter viral replication, which may also affect HIV-1 mother-to-infant transmission.

In this study, we characterized the HIV-1 RT quasi-species from five mother-infant pairs following vertical transmission, including a mother with infected twin infants. We show that the open reading frame of the RT gene was highly conserved in the sequences from five mother-infant pairs. In addition, there was a low degree of heterogeneity and high conservation of functional domains essential for RT activity. These findings may be helpful in the understanding of the molecular mechanisms of HIV-1 vertical transmission.

Results
=======

Patient population and sample collection
----------------------------------------

Blood samples were collected from five HIV-1-infected mother-infant pairs following perinatal transmission, including samples from a set of twins (IH1 and IH2) in the case of mother H. The demographic, clinical and laboratory findings on these mother-infant pairs are summarized in Table [1](#T1){ref-type="table"}. The Human Subjects Committee of the University of Arizona, and the Institutional Review Board of the Children\'s Hospital Medical Centre, Cincinnati Ohio, approved this study. Written informed consent was obtained for participation in the study from mothers of infected mother-infant pairs.

###### 

Demographic, Clinical, and Laboratory Parameters of HIV-1 Infected Mother-Infant Pairs

  Patient   Age       Sex   CD4+ cells/mm3   Length of infection ^a^   Antiviral drug   Clinical Evaluation ^b^
  --------- --------- ----- ---------------- ------------------------- ---------------- ----------------------------------------------
  MB        28 yr           509              11 mo                     None             Asymptomatic
  IB        4.75 mo   M     1942             4.75 mo                   None             Asymptomatic, P1A
  MC        23 yr           818              1 yr6 mo                  None             Asymptomatic
  IC        14 mo     F     772              14 mo                     ZDV              Symptomatic AIDS;P2A,D1,3,F
  MD        31 yr           480              2 yr6 mo                  None             Asymptomatic
  ID        28 mo     M     46               28 mo                     ddC^c^           Symptomatic AIDS, P2AB,F; failed ZDV therapy
  MF        23 yr           692              2 yr10 mo                 None             Asymptomatic
  IF        1 wk      M     2953             1 wk                      ZDV              Asymptomatic,P1A
  MH        33 yr           538              5 mo                      None             Asymptomatic
  IHT1      7 mo      F     3157             7 mo                      ACTG152          Hepatosplenomeglay lymphadenopathy
  IHT2      7 mo      F     2176             7 mo                      ACTG152          Hepatosplenomegaly lymphadenopathy

M: mother; I: infant. ^a^Length of infection: The closest time of infection that we could document was the first positive HIV-1 serology date or the first visit of the patient to the AIDS treatment Center, where all the HIV-1 positive patients were referred to as soon as an HIV-1 test was positive. Therefore, these dates may not reflect the exact dates of infection.

^b^Evaluation for infants is based on CDC criteria, ^c^ddC, Zalcitibine

Phylogenetic analysis of RT sequences of mother-infant isolates
---------------------------------------------------------------

We first performed multiple independent polymerase chain reaction (PCR) amplifications from peripheral mononuclear cells (PBMC) DNA of five mother-infant pairs and obtained 10 to 14 clones from each patient followed by nucleotide sequencing of these clones. We then performed the phylogenetic analysis by constructing a neighbor-joining tree of the 132 RT sequences from these mother-infant pairs, including the set of twins from mother H and the reference strain NL4-3, as shown in Figure [1](#F1){ref-type="fig"}. A model of evolution was optimized for the entire nucleotide sequence data set using the approach outlined by Huelsenbeck and Crandall \[[@B33]\]. The model of choice was incorporated into PAUP \[[@B34]\] to estimate a neighbor-joining tree and the tree was bootstrapped 1000 times to ensure fidelity. The phylogenetic tree demonstrated that the RT sequences from five mother-infant pairs were well discriminated in separate clusters and that the mother and infant sequences were generally separated in distinct subclusters. However, there was some intermingling between mother and infant sequences in pair C. Furthermore, the formation of separate subclusters of RT sequences from twins of mother H suggests that the there was probably compartmentalization of HIV-1 in the two fetuses causing independent evolution. We also compared our mother-infant pairs\' RT sequences with the RT sequences of several clades present in the HIV databases and found that our RT sequences grouped with clade or subtype B sequences (not shown). The data on phylogenetic analysis indicate that the epidemiologically linked mother-infant sequences are closer to each other than epidemiologically unlinked sequences and that there was no PCR cross contamination. It is important to note that the mother-infant pairs grouped in the same subtree, even when some of the infants\' ages were more than 2 to 3 years, suggesting that the epidemiological relationships are maintained in mother-infant pairs no matter how long the infection in the infants has progressed.

![Phylogenetic analysis of HIV-1 RT of 132 RT sequences from five mother-infant pairs, including B, C, D, F and H. The neighbor-joining tree is based on the distance calculated between the nucleotide sequences from the five mother-infant pairs. Each terminal node represents one RT gene sequence. The numbers on the branch points indicate the percent occurrence of branches over 1,000 bootstrap resamplings of the data set. The sequences from each mother formed distinct clusters and are well discriminated and in confined subtrees, indicating that the variants from the same mother-infant pair are closer to each other than to other sequences and that there was no PCR cross-contamination. These data were strongly supported by the high bootstrap values indicated on the branch points.](1742-4690-2-36-1){#F1}

Coding potential of RT gene sequences
-------------------------------------

The multiple sequence alignments of the deduced amino acid sequences of HIV-1 RT genes from five mother-infant pairs, B, C, D, F, mother H and her twin infants IH1 and IH2 are shown in Figures [2](#F2){ref-type="fig"}, [3](#F3){ref-type="fig"}, [4](#F4){ref-type="fig"}, [5](#F5){ref-type="fig"}, [6](#F6){ref-type="fig"}, and [7](#F7){ref-type="fig"}, respectively. These sequences were aligned with consensus subtype B RT sequence (CON B). We found that 115 of the 132 sequences analyzed contained a complete RT open reading frame (ORF), with an 87.2% frequency of intact RT open reading frames thus indicating that the coding potential of the RT ORF was maintained in most of the sequences in 1680 bp sequenced. Moreover, the infected mothers\' sequences showed a frequency of 85.5% of intact RT ORF while infants demonstrated a frequency of 88.5%. Several clones in mother-infant pair B and mother H were found to be defective due to a single nucleotide substitution, insertion or deletion resulting either in frame-shift or stop codons. The RT sequences also displayed patient and pair specific amino acid sequence patterns. Several amino acid motifs changes were observed in majority of the mother-infant pairs\' sequences, including a glutamic acid (E) or proline (P) at position 122, an arginine (R) at 277, and a threonine (T) or serine (S) at 376 and 400.

![Multiple sequence alignment of deduced amino acids of HIV-1 reverse transcriptase (RT) gene from mother-infant pair B involved in vertical transmission. In the alignment, the top sequence is the consensus RT sequence of subtype or clade B (CON B) to which mother-infant pair-B RT sequences are aligned. In mother-infant pair B sequences, each line refers to a clone identified by a clone number with M referring to mothers and I referring to infants. The structural elements of RT are indicated above the alignment. Dots represent amino acid agreement with CON-B and substitutions are shown by single letter codes for the changed amino acid. Stop codons are shown as x and dashes represent gaps or truncated protein. Relevant amino acid motifs and domains essential for RT activity are shown by spanning arrowheads indicated above the alignment.](1742-4690-2-36-2){#F2}

![Multiple sequence alignment of deduced amino acids of HIV-1 reverse transcriptase (RT) gene from mother-infant pair C in reference to consensus subtype B (CON B) RT sequence. In the alignment, the top sequence is CON B RT sequence and the bottom sequences are mother-infant pair C sequences (M refers to mother sequences and I to sequences). The number of clones sequenced is represented with clone numbers. The structural elements of RT are indicated above the alignment. Dots represent amino acid agreement with CON-B and substitutions are shown by single letter codes for the changed amino acid. Stop codons are shown as x and dashes represent gaps or truncated protein. Spanning arrowheads indicated above the alignment shows relevant amino acid motifs and domains essential for RT function.](1742-4690-2-36-3){#F3}

![Multiple sequence alignment of deduced amino acids of HIV-1 reverse transcriptase (RT) gene from mother-infant pair D. The patient sequences are aligned in reference to consensus RT sequence of HIV-1 subtype or clade B (CON B) at the top. In the mother-infant pair sequences, each line refers to a clone identified by a clone number with M referring to mother and I to infants. The structural elements of RT are indicated above the alignment. Dots represent amino acid agreement with CON-B and substitutions are shown by single letter codes for the changed amino acid. Stop codons are shown as x and dashes represent gaps or truncated protein. Relevant amino acid motifs and domains essential for RT activity are shown by spanning arrowheads indicated above the alignment.](1742-4690-2-36-4){#F4}

![Multiple sequence alignment of deduced amino acids of HIV-1 reverse transcriptase gene from mother-infant pair F. In the alignment, the top sequence (CON B) is the consensus subtype B RT sequence and the bottom sequences are from mother-infant pair F sequences (M stands for mother sequences and I for infant sequences and the number of clones for mother and infant are indicated by clone number). The structural elements of RT are indicated above the alignment. Dots represent amino acid agreement with CON-B and substitutions are shown by single letter codes for the changed amino acid. Stop codons are shown as x and dashes represent gaps or truncated protein. Relevant amino acid motifs and domains essential for RT functions are shown by spanning arrowheads indicated above the alignment.](1742-4690-2-36-5){#F5}

![Multiple sequence alignment of deduced amino acids of HIV-1 reverse transcriptase (RT) gene from mother H, who had given birth to infected twins, H1 and H2 (alignment shown in Figure 7). In the mother H sequences, each line refers to a clone identified by a clone number with M referring to mother. The mother sequences are aligned in reference to consensus RT sequence of HIV-1 subtype or clade B (CON B) shown at the top. The structural elements of RT are indicated above the alignment. Dots represent amino acid agreement with CON-B and substitutions are shown by single letter codes for the changed amino acid. Stop codons are shown as x and dashes represent gaps or truncated protein. Spanning arrowheads indicated above the alignment shows relevant amino acid motifs and domains required for RT activity.](1742-4690-2-36-6){#F6}

![Multiple sequence alignment of deduced amino acids of HIV-1 reverse transcriptase gene (RT) from infected twin infants, H1 and H2 of mother H (alignment shown in Figure 6). In the alignment, the top sequence is the consensus subtype B RT sequence (CON B) and the bottom sequences are of infants H1 and H2 represented by I and clone numbers. Dots represent amino acid agreement with CON-B and substitutions are shown by single letter codes for the changed amino acid. Stop codons are shown as x and dashes represent gaps or truncated protein. Relevant amino acid motifs and domains essential for RT activity are shown by spanning arrowheads indicated above the alignment.](1742-4690-2-36-7){#F7}

Variability of RT gene sequences in mother-infant isolates
----------------------------------------------------------

The degree of genetic variability of RT sequences, measured as nucleotide and amino acid distances based on pairwise comparison (as described in Methods), was determined for the five mother-infant pairs\' sequences, and is shown in Table [2](#T2){ref-type="table"}. The nucleotide sequences of RT within mothers (mothers B, C, D, F and H) differed by 0.80, 1.76, 1.37, 1.21 and 2.90% (median values), respectively, ranging from 0 to 3.46%. The variability in the infant sets (infants B, C, D, F, H1 and H2) was similar to the mother sequences and differed by 0.80, 1.49, 1.37, 1.31, 0.64 and 1.24% (median values), respectively, ranging from 0 to 2.21%. Interestingly, the variability between epidemiologically linked mother and infant sets (pairs B, C, D, F and H) was also on the same order of 1.05, 1.7. 1.74, 1.22 and 1.45 (median values) respectively, ranging from 0 to 4.48%. Moreover, the amino acid sequence variability of RT within mothers (mothers B, C, D, F and H) differed by 1.26, 2.81, 1.98, 1.26 and 2.27% (median values), respectively, ranging from 0 to 5.51%. The variability within infants (infants B, C, D, F, H1 and H2) differed by 1.44, 2.35, 1.80, 1.62, 1.44 and 1.62% (median values), ranging from 0 to 4.57%, and between mother-infant pairs (pairs B, C, D, F and H) by 1.44, 2.90, 2.53, 1.44 and 2.17% (median values), ranging from 0 to 6.47%, respectively. We also determined sequence variability between epidemiologically unlinked individuals and found that the nucleotide distances ranged from 0 to 9.1% (median 5.4%) and amino acid from 0 to 12.4% (median 6.34%). The variability in general was lower between epidemiologically linked mother-infant pairs\' sequences than epidemiologically unlinked individuals, suggesting that epidemiologically linked mother-infant pair sequences are closer to each other.

###### 

Distances in the RT sequences within mother sets, within infant sets, and betweenmother-infant pairs

  **Nucleotide distances**                                                                                                                                                 
  -------------------------- -------------------- -------------------------------- ---------- ----------- --------- ---------- ---------- ----------- --------- ---------- ----------
  **Within mothers**         **Within infants**   **Between mother and infants**                                                                                           
                                                                                                                                                                           
  Pair                       Min                  Med                              Max        Pair        Min       Med        Max        Pair        Min       Med        Max
                                                                                                                                                                           
  MB                         0.0                  0.80                             2.10       IB          0.0       0.80       1.30       B           0.0       1.05       2.05
  MC                         0.0                  1.76                             3.46       IC          0.0       1.49       2.17       C           0.0       1.70       3.26
  MD                         0.0                  1.37                             2.21       ID          0.0       1.37       2.21       D           0.0       1.74       4.48
  MF                         0.0                  1.21                             1.54       IF          0.0       1.31       2.93       F           0.0       1.22       2.08
  MH                         0.0                  2.90                             2.60       IH1         0.0       0.64       1.34       H           0.0       1.45       3.30
                                                                                              IH2         0.0       1.24       1.75                                        
  **Total**                  **0.0**              **1.34**                         **3.46**   **Total**   **0.0**   **1.48**   **2.21**   **Total**   **0.0**   **1.32**   **4.48**
                                                                                                                                                                           
                                                                                                                                                                           
                                                                                                                                                                           
  **Amino acid distances**                                                                                                                                                 
                                                                                                                                                                           
  **Within mothers**         **Within infants**   **Between mother and infants**                                                                                           
                                                                                                                                                                           
  Pair                       Min                  Med                              Max        Pair        Min       Med        Max        Pair        Min       Med        Max
                                                                                                                                                                           
  MB                         0.0                  1.26                             4.61       IB          0.0       1.44       2.72       B           0.0       1.44       4.57
  MC                         0.0                  2.81                             5.51       IC          0.0       2.35       4.01       C           0.0       2.90       5.51
  MD                         0.0                  1.98                             3.83       ID          0.0       1.80       4.57       D           0.0       2.53       6.47
  MF                         0.0                  1.26                             2.35       IF          0.0       1.62       3.09       F           0.0       1.44       3.09
  MH                         0.0                  2.27                             3.09       IH1         0.0       1.44       2.17       H           0.0       2.17       6.27
                                                                                              IH2         0.0       1.62       2.72                                        
  **Total**                  **0.0**              **1.52**                         **5.51**   **Total**   **0.0**   **1.42**   **4.57**   **Total**   **0.0**   **2.90**   **6.47**

M: mother; I: infant. Min: Minimum; Med: Median; Max: Maximum. Totals were calculated for all pairs together

We also investigated if the low variability of RT sequences seen in our mother-infant pair isolates is due to errors made by LA Taq polymerase used in our study. We did not find any errors made by the LA Taq polymerase when we used a known sequence of HIV-1 NL 4--3 for PCR amplification and DNA sequencing of the RT gene.

Dynamics of HIV-1 RT gene evolution in mother-infant isolates
-------------------------------------------------------------

The maximum likelihood estimates and chi square tests performed by Modeltest 3.06 \[[@B35]\] suggested different models of evolution for each patient sample. The estimates of genetic diversity of RT sequences from the five mother-infant pairs were determined by using the Watterson model, assuming segregating sites and the Coalesce method assuming a constant population size. The estimates of genetic diversity shown as theta values (estimated as nucleotide substitutions per site per generation) are shown in Table [3](#T3){ref-type="table"}. The levels of genetic diversity among infected mothers and infants, as estimated by Watterson method, ranged from 0.012 to 0.025 and 0.009 to 0.021, respectively. Similar results were obtained when the mother-infant pair populations were analyzed by the Coelesce method, with the values ranging from 0.020 to 0.058 in mothers and from 0.016 to 0.060 in infants. These data suggest that the mother and infant populations evolved very slowly and at similar rates. The differences observed in the estimates of genetic diversity between and mothers and infants sequences are not statistically significant.

###### 

Estimates of genetic diversity of HIV-1 RT within mother sets and infant sets

  **MOTHERS**   **INFANTS**                                                            
  ------------- ------------- ----------- ----------- ----------- -------- ----------- -----------
                **N**         **θ~w~**    **θ~c~**                         **θ~w~**    **θ~c~**
                                                                                       
  Mother B      12            0.015       0.038       Infant B    12       0.014       0.033
  Mother C      12            0.025       0.058       Infant C    13       0.021       0.060
  Mother D      11            0.017       0.042       Infant D    10       0.019       0.040
  Mother F      14            0.012       0.029       Infant F    12       0.018       0.053
  Mother H      14            0.020       0.020       Infant H1   11       0.009       0.016
                                                      Infant H2   11       0.015       0.044
  **Totals**    **63**        **0.018**   **0.037**               **69**   **0.016**   **0.041**

N -- number of RT clones sequenced. θ~w~-- genetic diversity as calculated by the Watterson method; θ~c~-- genetic diversity as calculated by the Coelesce method. Totals were indicated as an average of all values.

Rates of accumulation of nonsynonymous and synonymous substitutions
-------------------------------------------------------------------

Selection pressure on the RT gene was estimated as a ratio of accumulation of non-synonymous to non-synonymous substitutions using the Nielsen and Yang model \[[@B36]\] as implemented in codeML \[[@B37]\]. Although there are several models to predict the rate of positive selection, most of these models assume that all sites in a sequence are under the same selection pressure with the same underlying dN/dS ratio \[[@B38]\]. As substitutions of critical regions of a protein can lead to deleterious mutations, it is unrealistic to make assumptions about equal degree of selection throughout the protein. In cases where positive selection is operating on proteins, it has been shown that only a limited number of amino acids may be responsible for adaptive evolution. In such a case, methods that estimate dN/dS ratios over an entire sequence may fail to detect positive selection even when it exists \[[@B39]\]. The codeML method uses the codon as a unit of evolution as opposed to a nucleotide, and thus allows us to estimate the percentage of positions that are being positively selected instead of averaging the rates of positive selection over the entire gene \[[@B39]\]. This method also provides the percentage of mutations that are conserved, neutral or positively selected based on dN/dS values of 0, 1 or \> 1, respectively. The dN/dS values as well as the proportions of each site category estimated using the Nielsen and Yang model are shown in Table [4](#T4){ref-type="table"}. As described in the methods, a dN/dS value of greater than 1 suggests positive selection. The percentage of the substitutions being positively selected is shown in column p3. Except for viral populations in infants C and F, all isolated populations were associated with dN/dS ratio \>1, indicating positive selection. In case of infants C and F, there was no positive selection on the mutations and most of the substitutions were neutral. All mothers generally displayed a higher proportion of positively selected p3 sites as compared to the infants. Although the dN/dS values for infant H1 and H2 seem higher than mother H, closer observation shows that the percentage of sites undergoing positive selection is higher in the mother than in the twin infants. Table [4](#T4){ref-type="table"} shows that in mothers, over half the sites (66.6%) belong to the conserved p1 category, whereas the frequency of neutral and positively selected sites was equally distributed. This is in contrast to the viral population from the infants where the conserved site category (p1) had a frequency of only 36.5% and close to half the sites (55.7%) belongs to the neutral p2 category. Statistical analysis revealed that only the proportion of the neutral p2 category was significantly different between mothers\' and infants\' sequence viral populations (p \< 0.05). This is signified by the case that all the sites in Infant F belonged to the p2 category. Higher proportion of p2 sites in infants have also been shown in the nef gene product in these same mother infant pairs \[[@B40]\]. The variable (positively selected) sites (p3) in the mothers\' sequences were associated with dN/dS ratios that ranged from 2.34 to 8.9, with viral sequence populations from three mothers (MD, MF, MH) that displayed a dN/dS ratio of below three. This is in contrast to the infants\' viral populations that were either associated with a dN/dS of below 1, indicating no directional selection (IC and IF), a dN/dS ratio between 3 and 4 (IB and ID) or a very high dN/dS ratio as found in the sequences isolated from the twins H1 and H2. This analysis showed that the RT gene in both the mothers and infants is under positive selection pressure.

###### 

dN/dS values in HIV-1 RT sequences within mother sets and within infant sets.

  **MOTHER**   **INFANT**                                                                                                     
  ------------ ------------ ---------- ---------- ---------- ----------- ----------- -------- ---------- ---------- --------- -----------
               **N**        **P1**     **P2**     **P3**     **dN/dS**               **N**    **P1**     **P2**     **P3**    **dN/dS**
                                                                                                                              
  Mother B     12           53         18.8       27         8.9         Infant B    12       41         42         16        3.31
  Mother C     12           55.5       43         1.3        6.09        Infant C    13       0          81.2       18.8      0.01
  Mother D     11           70.6       5.7        23.6       2.52        Infant D    10       74.8       19.2       5.9       4.44
  Mother F     14           81.7       7.8        10.4       2.67        Infant F    12       0          100        0         0.001
  Mother H     14           72         0          27         2.34        Infant H1   11       47         50         2.8       14.04
                                                                         Infant H2   11       56         42         0.6       16.58
  **Totals**                **66.5**   **15.1**   **18.4**   **4.50**                **69**   **36.5**   **55.7**   **7.8**   **6.39**

N -- number of RT clones sequenced.; P1 = proportion of conserved codons as a percent; P2 = proportion of neutral codons as a percent; P3 = proportion of positively selected codons as a percent. dN/dS = ratio of synonymous to non-synonymous at P3 sites. Totals were calculates as an average of all values.

Analysis of functional domains of RT in mother-infant pairs
-----------------------------------------------------------

HIV-1 RT is a heterodimeric protein comprising of two subunits, p66 and p51. The larger subunit of the heterodimer acts as an RNA-dependant DNA polymerase, a DNA-dependant DNA polymerase and an RNase H that is associated with the C-terminus \[[@B15],[@B16]\]. The p66 is folded to form a structure similar to the right hand with palm, finger and thumb subdomains \[[@B21],[@B23],[@B32]\] that are connected to the RNase H by the \"connexion\" subdomain \[[@B22],[@B24],[@B25]\]. Each domain has several secondary structural elements, which are critical for primer binding, template binding \[[@B14],[@B22],[@B23],[@B26],[@B27],[@B41]\] and nucleotide recruitment \[[@B28]\]. The active sites of the polymerase comprise of aspartic acid (D) residues at positions 110, 185 and 186, which are located in the palm subdomain at the bottom of the DNA binding cleft \[[@B22],[@B23]\]. Mutations of these aspartic acid residues abrogates the polymerase activity of RT \[[@B22],[@B23],[@B29],[@B32]\]. These aspartate residues of the RT active site were conserved within the five mother-infant pairs RT sequences. Furthermore, the D185 and D186 that form a part of an essential highly conserved YMDD \[[@B32],[@B42],[@B43]\] motif involved in binding to the 3\'OH of the primer strand \[[@B14],[@B26]\], were highly conserved in our mother-infant pairs\' RT sequences (Figures [2](#F2){ref-type="fig"} to [7](#F7){ref-type="fig"}). The amino acids at positions 73--90 that constitute the template grip required for positioning and binding the RT template near the active site of the RT \[[@B23]\], were also conserved in most of our RT sequences. The primer grip responsible for primer binding extends from amino acids 227 to 235 \[[@B22],[@B23]\] and these amino acids were also conserved in the mother-infant RT sequences. The K263, K353 and R358 that form salt bridges with the phosphate groups \[[@B14],[@B21],[@B22],[@B30],[@B44]\] of the template and primer were found to be conserved in most of the RT sequences analyzed. The thumb subdomain of RT is comprised of two anti-parallel α helices, αH and αI, which bind to the opposite strand of dsDNA. The αH also directly inserts into the minor groove of the DNA \[[@B14],[@B22],[@B41]\]. Both these helices were generally conserved in our mother-infant RT sequences.

The connexion subdomain that links the RT to the RNase H and forms the floor of the template binding cleft \[[@B22],[@B24],[@B25],[@B42]\], showed some substitutions, including V293I, A376S and A400T in our mother-infant RT sequences. Mutations at positions H361 and Y501 reduces RNase H activity \[[@B24]\]. Examination of the five mother-infant pairs\' sequences revealed that these two positions were intact in all RT sequences (Figures [2](#F2){ref-type="fig"} to [7](#F7){ref-type="fig"}). Furthermore, the RNase H active sites contain four acidic amino acid residues, D443, E478, D498 and D549 \[[@B22],[@B24],[@B25],[@B41],[@B42]\], which were highly conserved in our mother-infant pairs sequences. In addition, several substitutions were seen in regions of RT that are not known to have critical function. The relevance of these changes is not known.

Mutations associated with anti-retroviral drug resistance
---------------------------------------------------------

Several naturally occurring mutations in the *pol*gene in treatment-naïve patients have been reported \[[@B45],[@B46]\], although most of these mutations are not seen in our RT gene sequences. In addition, these mutations found in treatment-naïve patients were usually seen in non-subtype B infections and our patient population was from subtype B infected individuals. These changes were usually in amino acids where the mutations did not actually confer nucleoside reverse transcriptase inhibitor (NRTI) drug resistance but were accessory mutations \[[@B46]-[@B48]\]. Several amino acid changes in RT seen in patients undergoing NRTI therapy are selected primarily with zidovudine (ZDV) treatment. These mutations referred to as thymidine analog mutations (TAMs) include M41L, D67N, K70R, L210N, T215Y/F and K219Q \[[@B47],[@B49]\]. Since most of our infected mothers were treatment naïve but infants were actively on ZDV therapy or on other drugs (Table [1](#T1){ref-type="table"}), we examined the RT sequences for ZDV resistant mutations (Figure [2](#F2){ref-type="fig"}). Several TAMs associated with drug resistance were observed in our infants C and D who were either on prolonged or failed ZDV therapy. These mutations included M41L in three clones from infant C and two clones in infant D, D67N and K70R in five clones from infant C, L210W in one clone from infant D and T215F in seven clones from infant D and K219Q in four clones from infant C and D. In addition, one clone from infant C had all the above mutations, indicating significant resistance to ZDV \[[@B46],[@B50]\]. Although Mother C was not on any antiretroviral therapy two clones had TAMs at M41L and K219Q positions, suggesting that these mutations were naturally occurring. It is interesting to note that the infant of this mother yielded several clones with these two mutations. An R211K mutation known as an accessory mutation associated with NRTI resistance \[[@B46]\] was also observed in all mother-infant pair H clones.

Immunologically relevant mutations in the CTL epitopes of RT
------------------------------------------------------------

The cytotoxic T lymphocyte (CTL) responses have been shown to exert significant immune pressure during HIV-1 infection. Strong CTL responses are maintained in long-term nonprogressors and these responses correlate with decrease in viral load \[[@B51]-[@B55]\]. It has been shown that transmitting mothers have larger numbers of CTL escape variants as compared to non-transmitting mothers \[[@B56]\], emphasizing that CTL escape variants may become a part of circulating virus that influences vertical transmission \[[@B56],[@B57]\]. Several regions in the RT gene have been shown to elicit strong CTL responses during HIV-1 infection. The CTL eptitope, TVLDVGDAY, between amino acid positions 107--115 <http://www.hiv.lanl.gov/content/immunology/ctl_search>, is highly conserved among known HIV-1 isolates \[[@B57]\]. This epitope contains the amino acid D110 which is part of the RT active site. This epitope was highly conserved in most of the mother-infant RT clones sequenced (Fig. [2](#F2){ref-type="fig"}).

Another motif, TAFTIPSI, between amino acid positions 128--135 is an HLA-B51 restricted epitope <http://www.hiv.lanl.gov/content/immunology/ctl_search>. This epitope is present in the palm region consisting of positions A129 and I135 as anchor residues \[[@B57]\]. This motif was mostly conserved in the RT sequences of the five mother-infant pairs analyzed. In addition, I135T mutation decreases CTL response but increasing concentration of mutant peptide re-establishes appropriate responses \[[@B57]\]. The I135T mutation was seen in several of our mother-infant pair\'s D sequences.

The next motif AIFQSSMTK from amino acid positions 158--166, comprising of I159, F160, K166 anchor residues and recognized by several HLA types, is conserved among known HIV-1 isolates and believed to be associated with vertical transmission \[[@B56],[@B57]\]. Our mother-infant pairs\' RT sequences showed conservation in this motif. Another CTL epitope YPGIKVRQL from positions 271--279 has been reported to be conserved in transmitting mothers and infants with several natural occurring variants \[[@B56]\], was also found to be conserved in our mother-infant pairs\' RT sequences. In addition, a P272H mutation that causes significant loss of CTL response for this epitope \[[@B56]\] was not seen in any of the RT clones analyzed.

Discussion
==========

In this study, we show for the first time that reverse transcriptase open reading frames from five mother-infant pairs following perinatal transmission were maintained with a frequency of 87.2%. The functional domains required for reverse transcriptase activity in HIV-1 replication were highly conserved in most of the mother-infants sequences. We also demonstrate a low degree of sequence variability and estimates of genetic diversity for reverse transcriptase genes after mother-to-infant transmission. However, epidemiologically unlinked individual\'s sequences were more heterogeneous than epidemiologically linked mother-infant pair\'s sequences. Several motifs in reverse transcriptase responsible for primer and template binding and positioning and motifs involved in nucleotide recruitment were conserved in all mother-infant pairs\' sequences. The data we show here are comparable to those of our previously analyzed conserved genes, including *gag*P17MA, *vif*, *vpr*, *tat*and *nef*\[[@B58]-[@B62]\]. Our findings suggest that an intact and functional reverse transcriptase open reading frame is essential for HIV-1 replication in mothers and their infants and low degree of viral heterogeneity is maintained following vertical transmission.

The RT open reading frame was maintained in 115 of the 132 sequences (1680 base pairs sequenced), whereas 17 sequences contained stop codons (Figure [2](#F2){ref-type="fig"}). The frequency of conservation in five mother-infant pairs was found to be 87.2%. The comparison of the RT sequences with those of other conserved genes from HIV-1 infected mother-infant pairs showed comparable frequency of conversation, including *gag*p17 (86.2%), *vif*(89.8%), *vpr*(92.1%), *tat*(90.9%), *nef*(86.2%) and *vpu*(90.12%). There was no significant correlation between the conservation of RT open reading frame and disease progression in mothers and infants \[[@B63]-[@B65]\]. Several amino acid motifs were found to be a signature characteristic of each mother-infant pair, even in older infants where infection has progressed for more than 3 years. Phylogenetic analysis of the RT sequences revealed that the five mother-infant pairs were well discriminated, separated and confined within subtrees (Fig. [1](#F1){ref-type="fig"}), indicating that the epidemiologically linked mother-infant pairs were closer to each other and that there was no PCR product cross-contamination \[[@B66],[@B67]\]. In addition, most of the mother and infant sequences of the same pair formed separate subclusters, with little intermingling between sequences of mother and infant in some pairs. In some mother-infant pairs, minor variants of the mothers seem to be predominating in the infants, which was also seen in our previous V3 region analysis \[[@B68]\]. We also observed intermingling of sequences in mother-H and her infected twins, indicating that different mother\'s variants were transmitted to the twins. With respect to viral heterogeneity, there was a low degree of genetic variability in the RT sequences from mother-infant pairs estimated by several methods. Similar levels of genetic diversity were seen in other conserved genes of the same mother-infant pairs, including *gag*, *vif*, *vpr*and *tat*\[[@B59]-[@B61],[@B69]\]. The low degree of genetic variability was observed in RT sequences of mothers and maintained in the infants following transmission, suggesting the essential nature of this gene in viral pathogenesis. It is important to note that the mother-infant pairs retained the same epidemiological relationship, even when some of the infant\'s age was more than 2 to 3 years. We believe this is an important finding that the epidemiological relationships as well as certain signature sequence motifs are maintained in mother-infant pairs or transmitter-recipient partners no matter how long the infection has progressed. This information may be critical in terms of vaccine development.

Examining the motifs of the deduced amino acid sequences of the RT gene from five mother-infant pairs, we found that the essential motifs required for RT activity were mostly conserved in our mother-infant pairs\' sequences (Figure [2](#F2){ref-type="fig"}). The sites essential for primer binding, template binding, positioning of template and primer, which are located in α-Helix H and α-Helix I \[[@B22],[@B23]\], were are all conserved in RT sequences (Figure [2](#F2){ref-type="fig"}). Specifically, the amino acids involved in recruitment of nucleotides during reverse transcription \[[@B28]\] were mostly conserved. The active sites of the polymerase are located in the palm subdomain at the bottom of the DNA binding cleft comprising of aspartic acid (D) residues at positions 110, 185 and 186 were conserved within the five mother-infant pairs\' RT sequences. Furthermore, the D185 and D186 also form a part of an essential YMDD motif, which is highly conserved in known HIV-1 isolates \[[@B14],[@B22],[@B23],[@B26],[@B32],[@B43]\], was also conserved in our mother-infant pairs\' RT sequences analyzed.

Some of the amino acids of the connexion subdomain that are critical for RNase H activity and replication \[[@B9],[@B24],[@B25]\] are conserved in our RT sequences with several substitutions of compatible nature, including V293I, K358R, A376S, and A390T. These substitutions were located in the regions of the connexion that forms the base of the binding cleft. It is possible that such mutations in the binding cleft may change the size of the cleft and affect fidelity of the reverse transcriptase without affecting the active site. Further assessment also shows that our RT sequences harbor mutations in the connexion and RNase H subdomains that are not at the critical sites required for RT activity. The implications of these mutations can be studied by performing the biological characterization of these RT clones in the context of HIV-1 replication. It would be interesting to determine whether the degree of genetic variability and conservation of RT functional domains in non-transmitting mothers and compare their sequences with the data presented here. Nonetheless, the data described here suggest that functional domains of the RT enzyme, including reverse transcriptase, DNA polymerase and RNase H, were highly conserved in our five mother-infant pair sequences.

In terms of CTL epitopes in the RT gene, Wilson et al., have shown that the transmitting mothers have larger numbers of CTL escape variants as compared to non-transmitting mothers but the transmitted viruses carrying epitopes are not escape variants \[[@B56]\]. It is possible that the CTL responses studied are tissue specific and a representation of peripheral blood, and the virus and the CTL variants in the placenta, birth canal, and breast milk are different \[[@B70]\]. In addition, there is evidence suggesting that Nef and Pol specific CTLs found in breast milk showed no detectable responses in peripheral blood. Although several previously defined CTL motifs in the RT gene \[[@B56],[@B57]\] were conserved in our RT sequences, other mutations that either abrogated or improved the CTL responses \[[@B56],[@B57]\] were not seen in our sequences. The possibilities exist that the mutants observed in the CTL epitopes in our study may contribute to differential responses in a tissue specific manner and thus influence vertical transmission.

While antiretroviral treatment during pregnancy has reduced the risk of vertical transmission in the United States, HIV-1 infection in children, as a result of perinatal transmission, is still increasing rapidly in developing countries. There is a global need of better preventive strategies of HIV-1 vertical transmission. If we characterize the properties of the transmitted viruses, we can then develop interventions against the properties of the transmitted viruses. We have already shown that the minor genotypes with R5 phenotypes are transmitted from mothers to infants and are initially maintained in the infants with the same properties \[[@B71]\]. Additional data on the properties of HIV-1 from mothers and infants following perinatal transmission presented in this study may aid in a better understanding of the molecular mechanisms of vertical transmission and development of effective strategies for prevention and control of HIV-1 infection in children.

Conclusion
==========

We have demonstrated that an intact and functional RT gene was maintained in infected mother-infant pairs following perinatal transmission. In addition, there was a lower degree of viral heterogeneity and estimates of genetic diversity in epidemiologically linked mother-infant pairs compared with epidemiologically unlinked individuals. Several amino acid motifs were found as a signature sequences in each mother-infant pair. We also found that the functional motifs of RT responsible for reverse transcription, DNA polymerization and RNase H were highly conserved in mother-infant RT sequences. These findings support the notion that RT is essential for HIV-1 replication in mothers and their infected infants.

Methods
=======

PCR amplification, cloning and nucleotide sequencing
----------------------------------------------------

Peripheral blood mononuclear cells (PBMCs) were isolated by a single step Ficoll-Hypaque procedure (Pharmacia-LKB) from whole blood samples of HIV-1-infected mother-infant pairs. DNA was isolated as described previously \[[@B68]\]. The HIV-1 RT gene was amplified by a two-step PCR method, first using outer primers RT1 (5 GTACAGTATTAGTAGGACCTACACCTGTC, 2470 to 2498, sense) and RT2 (5\'AAAATCACTAGCCATTGCTCTCCAATTAC, 4307 to 4279, antisense) and then with nested primers RT3 (5\'TGGAAGAAATCTGTTGACTCAGATTGG, 2507 to 2533, sense) and RT4, (5\'TTCTCATGTTCTTGGGCCTTATCT, 4270 to 4244, antisense). Equal amounts of PBMC DNA (approximately 25 to 50 copies from each patient) as determined by end-point dilution was subjected to multiple (5 to 8) independent PCRs to obtain clones that were sequenced and analyzed. PCRs were performed according the modified procedure of Ahmad et al., \[[@B68]\] in a 25 μl reaction mixture containing 2.5 μl of 10X PCR buffer (100 mM Tris-HCL, pH 8.3, 100 mM KCl, 0.02% Tween 20), 2.5 mM MgCl~2~, 400 μM each of dATP, dCTP, dGTP and dTTP, 0.2 to 1.0 μM of each of outer primers, and 2.5 U of TaKaRa LA *Taq*polymerase (TaKaRa Biomedicals, Shiga, Japan). The reactions were carried out at 94°C for 30s, 45°C for 45s and 72°C for 3 min for 35 cycles, with the last cycle allowing for seven minutes of additional polymerization. After the first round of PCR, 4μl of the first-PCR product was used for nested PCR, using inner primers and same reagents at 94°C for 30s, 52°C for 45s and 72°C for 3 min for 35 cycles. We used negative control with each PCR amplification and a known HIV-1 DNA, pNL4-3, to assess errors generated by the LA *Taq*polymerase. To avoid contamination, all samples, reagents and PCR products were stored separately and dispensed in a separate room free of all DNA used in the lab. The PCR products were then visualized on a 1% agarose gel, excised ad extracted by using a QIAquick Gel Extraction kit (Qiagen Inc.). These DNAs were cloned into the TA cloning system (pCR 2.1-TOPO vector, Invitrogen Inc.) and transformed into chemically competent TOP10 cells (Invitrogen Inc.). The white colonies were screened for correct size inserts and 10 to 14 clones from each patient obtained from multiple independent PCRs were initially manually sequenced and then sequenced using University of Arizona Biotechnology Center automated system.

Sequence analysis
-----------------

The nucleotide sequences of HIV-1 RT gene (approximately 1680 bp) from five mother-infant pairs were analyzed with the Wisconsin package 10.1 version of the Genetics Computer group (GCG) and were translated to corresponding deduced amino acid sequences (560 amino acids). A multiple sequence alignment was performed for the nucleotide and amino acid sequences with a reference HIV-1 consensus clade or subtype B RT sequences with a gap-opening penalty of 10 and a gap extension penalty of 5 using Clustal X. The transitions were not weighted and the amino acids were scored using a BLOSUM matrix. A model of evolution was optimized for the entire nucleotide sequence data set using the approach outlined by Huelsenbeck and Crandall \[[@B33]\]. Likelihood scores for different models of evolution were calculated using PAUP \[[@B34]\] and a chi square test was performed by Modeltest 3.06 \[[@B34],[@B35],[@B40],[@B72]\]. Using the Model test and Akaike Information Criterion \[[@B72]\], all the null hypotheses were rejected except a GTR+G model. The five rate categories were as follows: R (A-C) = 2.962, R (A-G) = 10.5176, R (A-T) 1.3663, R (C-G) = 0.6563, R (C-T) 12.5484, R (G-T) = 1. A gamma distribution with the shape parameter (α) of the distribution estimated from the data matrix via maximum likelihood was used to account for the rate of heterogeneity. This shape parameter α was = 0.7775. The model of choice was incorporated into PAUP \[[@B34]\] to estimate a neighbor-joining tree and the tree was bootstrapped 1000 times to ensure fidelity. Models to represent patterns of evolution of variants of each patient population were identified and were used to estimate corrected pairwise nucleotide distances using PAUP \[[@B34]\]. Amino acid distances were also estimated using the Jukes-Cantor model with the Wisconsin package 10.1 of GCG. The minimum, median and maximum nucleotide and amino acid distances for each patient and linked patient pairs were calculated from these data (Table [2](#T2){ref-type="table"}). To analyze the evolutionary processes acting on the RT gene, we estimated the ratio of non-synonymous (dN) to synonymous (dS) substitutions by a maximum likelihood model using codeML, a part of the PAML \[[@B37]\] package. The Nielsen and Yang \[[@B36]\] model considers the codon instead of the nucleotide as the unit of evolution and incorporates three distinct categories of sites. Every mutation is three times more likely to cause a nonsynonymous than a synononymous substitution and codeML accounts for this bias. The first category p1 represents the sites that are conserved and invariable where dN/dS = 0. The second category p2 represents neutral sites where dN/dS = 1 and represents sites at which the dN and the dS are fixed at the same rate. The third category p3 represents sites that are under positive selection where the dN have a higher rate of fixation than dS proportionally and dN/dS \>1. The dynamics of HIV-1 evolution was assessed using techniques of population genetics. In population genetics, genetic diversity is defined as θ = 2N~*ei*~μ, where N~*ei*~is the inbreeding effective population size and μ is the per nucleotide mutation rate per generation. The Watterson model based on segregating sites and the Kuhner model assuming constant population size were used to estimate differences in genetic diversity, using the program Coalesce, <http://inbio.byu.edu/faculty/kac/crandall_lab> which is part of the Lamarc software package. The tree files and the data matrixes from PAUP were used to estimate θ values as a measure of genetic diversity.

### Nucleotide sequence accession numbers

The sequences have been submitted to GenBank with accession numbers [AY560388](AY560388) to [AY560528](AY560528).
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